These highly sensitive sensors can respond to factors ranging from changing mass to local temperature variations.
O
nce researchers began to use micromachined cantilevers as force probes in atomic force microscopy (AFM), they became aware of the extreme sensitivity of the silicon and silicon nitride probes to a variety of environmental factors, such as acoustic noise, temperature, humidity, and ambient pressure (1) . However, in 1994, two research teams, one from Oak Ridge National Laboratory and the other from IBM Zurich, converted the same mechanisms that caused the unwanted interference into a platform for a new family of sensors (2, 3) . They found that a standard AFM cantilever could function as a microcalorimeter, offering femtojoule sensitivity and a substantial improvement over more traditional approaches. By measuring shifts in the resonance frequencies of microcantilevers (MCs), the researchers were able to show that MCs are mass-sensitive devices that outperform more conventional piezoelectric gravimetric sensors (4) (5) (6) . The sensitivity of MCs to minute quantities of adsorbates was superior to that of traditional quartz crystal microbalance (QCM) and surface acoustic wave (SAW) transducers.
The aforementioned research, together with the wide availability of AFM instrumentation, generated substantial interest in cantilevers as a new platform for a variety of phys-ical and chemical sensors. An increasing number of recent reports confirms the potential of MC sensors for environmental and biomedical applications, and the multifaceted functionality of MCs indicates their uniqueness as compared with more traditional sensor designs (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) .
Unlike many other types of transducers for chemical sensors, MCs are simple mechanical devices. They are tiny plates or leaf springs, typically 0.2-1 µm thick, 20-100 µm wide, and 100-500 µm long, which are connected on one end to an appropriate support for convenient handling. A sharp tip on the underside of the microscopic leaf spring makes it useful as a probe for mapping localized surface topology in AFM, much like the stylus of an old-fashioned phonograph or record player probed the grooves in vinyl records. This sharp tip is not used when AFM-type MCs are used as sensors. Because of MCs' role in AFM, they are routinely fabricated using well-established batch processes that involve photolithographic patterning and a combination of surface and bulk micromachining. Figure 1 is a graphic modification of an actual image of a one-dimensional array of silicon MCs, each measuring 50 µm wide ϫ 200 µm long ϫ 1 µm thick.
MCs are based on microfabricated AFM probes, and they also incorporate the elegant "optical lever" read-out scheme of AFM. In this scheme, a laser beam reflected from near the end of a cantilever is displaced as the cantilever bends ( Figure 1 ). This displacement is converted into an electronic signal by projecting the reflected laser beam onto a position-sensitive photodetector. Analogous to the contact and tapping modes of AFM, cantilever-based sensors also involve measurements of cantilever deflections or shifts in resonance frequencies. However, the mechanisms that translate various components of a physical, chemical, or biological environment into these parameters are generally different from the mechanisms that operate in AFM.
Intrinsic multifaceted functionality
A wide variety of transduction mechanisms are involved in the functioning of MC sensors. Depending on the measured parameter (cantilever deflection or resonance frequency), the mode of cantilever operation can be either static or dynamic. Each of these modes is associated with different transduction scenarios ( Figure 2 ). Static cantilever deflections can be caused by either external forces exerted on the cantilever (as in AFM) or by intrinsic stresses generated on or within the cantilever. Although MC fabrication technology is capable of producing nearly stress-free structures, additional intrinsic stresses may subsequently originate from thermal expansion and interfacial processes (e.g., the static deflections of the MCs in Figure 1 ). The latter origin of cantilever deflections is relevant to some of the most intriguing results obtained using MC sensors (9-11, 14-16, 18-21) and is the major focus of this article. However, environmental sensors in which deflection is caused by external electric or magnetic fields are also possible (22) . For example, cantilevers were shown to bend in response to an electrostatic field induced by ionizing alpha particles (13) .
Dynamic mode
MCs operating in a dynamic mode are essentially mechanical oscillators that can be evaluated quite rigorously using simple classical models (2, 4 -6) . In many sensing applications, cantilever oscillations are insignificantly damped by the medium in which the MC resides or by coatings on its surface. Under these conditions, an additional suspended mass, ⌬m, which is due to analyte binding to the cantilever, can be straightforwardly related to a shift in the cantilever resonance frequency, f, from f 0 to f 1 by (23) . When the damping effect of the medium is rather strong, the resonance frequency shifts can be related to changes in the viscosity of the medium. This scenario is readily realized with standard AFM cantilevers in aqueous solutions. Finally, interactions between the environment and the cantilever may affect its stiffness, which also results in a resonance frequency shift. Therefore, the three main mechanisms behind the sensors based on resonating cantilevers are adsorbate-induced mass loading, damping caused by the viscosity of the media, and environmentally induced elasticity changes in MC material.
Static bending mode
In the absence of external gravitational, magnetic, and electrostatic forces, deflection of a MC is unambiguously related to asymmetric, out-of-plane (differential) mechanical stress generated in the cantilever. For example, thermally induced stresses are typical for metal-coated cantilevers for which the base material and the metal coating have different coefficients of thermal expansion (24) . Hence, a temperature change produces unequal expansion of the layers in a bimaterial cantilever and concomitant bending. Although this mechanism is identical to the bending of a conventional macroscopic bimetallic plate (such as those used in the thermostats in most homes), it translates into femtojoule-level sensitivity in the case of diminutive MCs. As a result, the presence of analyte species can be detected by the heat produced by their adsorption on the MC or in the course of subsequent chemical reactions associated with the adsorbate (3).
Molecular adsorption processes, interfacial chemical reactions, and interactions with photons could also affect mechanical stresses in MCs more directly and independently of the thermal effects (20, 24, 25) . Despite the novelty of MC sensors, researcher interest in these phenomena has been traditional in several areas of fundamental and applied science. It has been known since the 1960s that molecular and atomic adsorbates on atomically pure faces of single crystals tend to induce significant changes in surface stress.
Long before the first MCs were fabricated, changes in surface stresses in these systems were studied by measuring minute deformations of thin (~1 mm) plates using the method commonly referred to as beam bending. It has also been established that localized strained regions, such as grain boundaries, voids, and impurities within the film, are responsible for generating intrinsic stresses in disordered, amorphous, and polycrystalline samples. Colloidal systems are another class of materials in which adsorbate and chemically induced interfacial stresses have been traditionally studied. For example, interfacial stress changes are associated with the swelling of hydrogels upon hydration or the formation of surfactant monolayers at the air-water interface.
Unlike their macroscopic predecessors, MCs appear suitable for real-time measurements of surface stress changes in the lowmilliNewton-per-meter range and, therefore, capable of converting changes in the Gibbs free energy caused by binding site-analyte interactions into readily measurable mechanical responses (15, (25) (26) (27) . A MC intended for chemical sensing is normally modified so that one of its sides is relatively passive, whereas the other exhibits high affinity to the targeted analyte. Consequently, changes in differential surface stress can be governed primarily by changes in the Gibbs free energy associated with the adsorption (surface interaction) or absorption (bulkphase interaction with thin films) processes on the active side. Functioning in this manner, MC transducers are compatible with many responsive phases and can function in both gas and liquid environments. To understand how different coatings provide chemical responses of MC sensors working in a static bending mode, it is useful to consider three distinctive models.
The first model is most adequate when interactions between the MC and its environment are purely surface confined. An example of this situation is depicted in Figure 3a , which shows chemisorption of straight-chain thiol molecules on a gold-coated cantilever. Because spontaneous adsorption processes are driven by an excess of interfacial free energy, they are typically accompanied by a reduction of interfacial stress. In other words, surfaces usually tend to expand (Figure 3a) as a result of adsorptive processes. This type of surface stress change is defined as compressive, referring to the possibility that the surface may return to its original compressed state. When the initial surface free energy of the substrate is large, the greater the possible change in surface stress resulting from spontaneous adsorption processes. Compressive surface stresses were experimentally observed on the gold side of gold-coated cantilevers exposed to vapor-phase alkanethiols (20) . Adsorbate-induced deflections can be accurately described by the simple classical relationships that Stoney derived and applied to electroplated metal films nearly a century ago (28) . The changes in the film's or the MC's radius of curvature, R, and deflection, z max , can be related to the differential surface stress, ⌬s, by 1/R = 6(1 -)⌬s/Et in which is Poisson's ratio, E is Young's modulus for the substrate, t is the thickness of the MC, and l is the cantilever length. The analysis according to Equation 2 gives accurate predictions when adsorbate-induced stresses are generated on ideal smooth surfaces or within coatings that are very thin compared with the cantilever.
The second model of analyte-induced stresses is applicable when a MC is modified with an analyte-permeable coating that is much thicker than a monolayer. In this case, interactions of the analyte molecules with the bulk of the responsive phase are taken into account, and a predominant mechanism of cantilever deflection is described as analyte-induced swelling of the coating (Figure 3b ). Such swelling processes can be quantified using approaches developed in colloidal and polymer science (i.e., evaluating molecular forces acting in the coating and between the coating and the analyte species). In general, dispersion, electrostatic, steric, osmotic, and solvation forces acting within the coating can be altered by absorbed analytes (29) .
Depending on whether it is more appropriate to describe the responsive phase as solid or gel-like, these altered forces can be put into accordance with stress or pressure changes, respectively, inside the coating. The value of an in-plane component of this change multiplied by the coating thickness yields an apparent surface stress change that can be used in Stoney's model to estimate deflections of a cantilever coated with thin, soft, responsive films. The magnitude of apparent surface stress scales up in proportion to the thickness of the responsive phase.
The third model is relevant to structured (heterogeneous) interfaces and coatings that have been recently recognized as a very promising class of responsive phases for MC sensors. Many of these structured phases are known for their behavior as molecular "sponges". Analyteinduced deflections of cantilevers with these phases (Figure 3c ) combine mechanisms of bulk, surface, and intersurface interactions (29) . A combination of these mechanisms facilitates efficient conversion of the energy of receptor-analyte interactions into mechanical energy of cantilever bending. Recent studies demonstrated that increases of up to 2 orders of magnitude in MC responses can be obtained when receptor molecules are immobilized on nanostructured, instead of smooth, gold surfaces (16, 18) . Furthermore, nanostructured responsive phases offer an approach to substantially increase the number of binding sites per cantilever without compromising their accessibility to the analyte. Although deflections of MCs with nanostructured coatings or thicker hydrogel layers cannot be accurately predicted using the models mentioned earlier, estimates for the upper limit of the mechanical energy produced by any MC transducer can always be based on simple energy conservation. This upper limit in available energy is given by the product of the energy associated with the binding site-analyte interaction and the number of such interactions on the MC surface. This energy should not be uniform for binding sites composed of receptors on heterogeneous surfaces or thin films where the degree of receptor distortion will depend on the receptor's local environment. As a further complication, the MC's mechanical response can load binding site-analyte bonds and alter heterogeneous equilibria.
Applications
One of the first applications performed by MC sensors involved detecting local temperature changes associated with chemical and physical processes in the vicinity of the MC surface. By measuring deflections of a 1.5-µm-thick silicon cantilever with a 0.4-µm aluminum coating, heat fluxes from a gas-phase catalytic reaction between O 2 and H 2 over a 1.4 ϫ 10 -8 m 2 platinum sample were detected. This application took advantage of the extremely low heat capacity of the micromachined suspended bi-material structure and the subnanometer accuracy of cantilever deflection measurements using the optical lever method. With AFM optical cantilever readout, the device had the potential to detect 1 pJ of thermal energy and 10 -5 K of the local temperature difference (30) . Using this approach and a modified AFM instrument, researchers could detect enthalpy changes associated with phase transitions in nanogramsize samples. Alternatively, light-adsorbing samples in the form of thin (~100-nm) coatings were detected on cantilevers in a calorimetric spectroscopy mode (3) .
Early studies on resonating cantilever transducers explored their impressive mass sensitivity in conjunction with some important environmental problems, such as mercury pollution. Mercury vapors adsorbed from air onto a gold-coated cantilever caused pronounced shifts in the MC resonance frequency and could be used to detect 10 -12 -g mass changes (5) . In addition to the mass-loading effect, cantilever deflections were also observed in the presence of mercury. This was caused by the unequal interaction of mercury on the sides of the asymmetric silicon nitride cantilever. Similar dual-mode (static-dynamic) responses were observed with other analytes, in particular, mercaptoethanol (7 ) and water vapors (6) . For mercaptans, analyte-induced deflections, rather than changes in the resonance frequency of goldcoated AFM cantilevers, were a preferred mode of sensor operation because of higher sensitivity. Measurements of cantilever deflections permitted detection of mercaptoethanol vapors at concentrations down to 50 ppb. It should be noted that the static bending mode was used in the majority of the more recent studies on MC sensors.
Cantilevers with selective coatings similar to those used with other transducers and chemical separation techniques have shown specificity to volatile organic compounds (VOCs), ionic species, proteins, and oligonucleotides. Even cantilevers coated with generic polymers, such as polymethylmethacrylate, polystyrene, polyurethane, and their blends, showed promise as detectors of VOCs. By applying principal component and artificial neural network analyses to response patterns from arrays of such polymer-modified cantilevers (21), the concept of an artificial nose was successfully implemented. Notable discriminating power was observed for alcohol mixtures and certain natural flavors.
To create cantilever sensors with distinctive selectivity patterns for different classes of VOCs, thin (~100 nm) films of commercially available chromatographic stationary phases and chemically modified sol-gel coatings were used (31, 32) . Using covalent attachment of mercapto-derivatized macrocyclic cavitands, such as crown ethers, calixarenes, and cyclodextrins, more advanced molecular architectures of biomimetic recep- tors can be formed on gold-coated cantilevers (10, 11, 18, 24) . This approach to the situation results in cantilever sensors with remarkably low detection limits. In particular, sub-parts-perbillion detection limits for vapors of aromatic compounds and 10 -9 -M concentrations of ionic species in solution were determined (10, 11, 18) . Self-assembly of amino-and carboxy-terminated straight-chain thiols also provides a convenient means to create cantilever sensors that have controllable pH sensitivities (12, 27 ) .
The potential uses of cantilever transducers in biosensors, biomicroelectromechanical systems, proteomics, and genomics are intriguing recent trends in advanced biomedical analyses (9, 14, 15) . When antibodies or small DNA fragments were immobilized on one side of a cantilever, the presence of complementary biological species produced cantilever deflections in a rather predictable manner (9, (15) (16) (17) . On the basis of the deflection behavior of MCs modified with biological receptors, even very small mismatches in receptor-analyte complementarity could be detected. A single base pair mismatch was resolved in oligonucleotide hybridization experiments performed on a cantilever surface in situ (9, 15) . The relatively short analysis time (<1 h), nanomolar sensitivity, and very good compatibility of MC transducers with large two-dimensional array formats have obvious practical implications for the future. Furthermore, MC biosensors provide a label-free version of the immunoassay for detecting prostate-specific antigen at clinically relevant concentrations, down to 0.2 ng/mL (14) .
Further challenges and opportunities
The recent introduction of cantilevers substantially enriches the portfolio of transduction scenarios that can be used in highperformance miniaturized analytical systems. Although this process was facilitated by the availability of refined MC read-out schemes and microfabricated MC probes, cantilever transducers optimized for specific analytical applications are still in their infancy. Limitations of MC sensors can be reduced or eliminated by optimizing cantilever designs, responsive coatings, and readout schemes. Differential pairs of MCs can eliminate interfering factors, useful responses can be dramatically increased using MCs with nanostructured coatings, and expanding the materials for both the fabrication and modification of MCs can reduce longterm instability. A good reason for this optimism is the successful adaptation of other transducers, such as field-effect transistors, for chemical analyses. Whereas the unusual multifaceted functionality of MC transducers inspires new sensing paradigms, it also poses substantial challenges when it comes to rational, computer-aided design and optimization.
Current analytical models of MC bending have adapted phenomenological macroscopic models that do not take into account the nanoscale morphology of MCs or the molecular mechanism of the analyte-induced stresses. Attempts to achieve a more rigorous understanding of the stresses that cause MC bending would involve models from very distinct scientific areas, such as molecular modeling, surface science, colloidal chemistry, and mechanical engineering. Naturally, researchers question the consistency of these models and their appropriateness for evaluating deflections of MCs modified with a particular responsive phase.
Researchers critical of the widespread application of MC sensors often refer to the relatively high susceptibility of any micromechanical structure to mechanical impacts, such as vibrations and high-intensity acoustic fields. Although the mechanical robustness of MCs that have extremely small mass (~1 ng) and high-resonance frequencies (>10 kHz) is typically underestimated, this criticism may indeed have a valid basis in some instances (e.g., industrial settings). Other issues that must be considered (but are not necessarily unique to cantilever sensors) include nonspecific interactions between analytes and the cantilever surfaces and complications that arise when the samples are liquids rather than gases. The flow of liquids past cantilever sensors can give rise to noise or drift arising from such variables as flow rate and pressure. Intelligently designed flow cells can minimize noise, and using differential arrangements (separate sample and reference cantilevers) can reduce noise and drift (15, 33, 34) . Figure 4 demonstrates that a significant improvement in baseline stability to liquid-flow changes is possible when a single-beam-cantilever optical arrangement with dc output is replaced by a dual-beam-cantilever arrangement with ac output. The flow cell was ~100 µL in volume, and a laser beam was alternated at 100 Hz between adjacent cantilevers (the same type as those shown in Figure 1 , only uncoated) to produce an ac signal using a lock-in amplifier.
Another challenge to overcome in developing practical MC sensors is their integration into portable analytical devices. Ideally, a MC transducer and components of its read-out and analyte delivery system should comprise a single microfabricated chip. In principle, this can be achieved using currently available technologies (i.e., by integrating optical, mechanical, electronic, microfluidic, or other components), but MCs comprise a very young and rapidly evolving area. Therefore, transitioning MC sensors from the laboratory into a wide range of marketable devices will likely coincide with the development of innovative approaches to standardize them according to demanding industrial standards. 
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